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Abstract 
 Hormonal imbalances are involved in many of the age-related pathologies, as 
neurodegenerative and psychiatric diseases. Specifically, thyroid state alterations in the adult 
are related to psychological changes and mood disorders as depression. 
 The dentate gyrus of the hippocampal formation undergoes neurogenesis in adult mammals 
including humans. Recent evidence suggests that depressive disorders and their treatment are 
tightly related to the number of newly born neurons in the dentate gyrus. 
 We have studied the effect of thyroid hormones on hippocampal neurogenesis in adult rats 
in vivo. A short period of adult-onset hypothyroidism impaired normal neurogenesis in the 
subgranular zone of the dentate gyrus with a 30% reduction in the number of proliferating 
cells. Hypothyroidism also reduced the number of newborn neuroblasts and immature neurons 
(doublecortin immunopositive cells) which had a severely hypoplastic dendritic arborization. 
To correlate these changes with hippocampal function, we subjected the rats to the forced 
swimming and novel object recognition tests. Hypothyroid rats showed normal memory in 
object recognition, but displayed abnormal behavior in the forced swimming test, indicating a 
depressive-like disorder. Chronic treatment of hypothyroid rats with thyroid hormones not 
only normalized the abnormal behavior, but also restored the number of proliferative and 
doublecortin positive cells, and induced growth of their dendritic trees. Therefore, 
hypothyroidism induced a reversible depressive-like disorder which correlated to changes in 
neurogenesis. Our results indicate that thyroid hormones are essential for adult hippocampal 
neurogenesis and suggest that mood disorders related to adult-onset hypothyroidism in humans 
could be due, in part, to impaired neurogenesis. 
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Introduction 
 
 Hormonal imbalances are involved in many age-related pathologies, such as 
neurodegenerative and psychiatric disorders. Hypothyroidism is a prevalent condition in 
humans with an incidence of 8% in the adult population (1). The clinical picture includes 
cognitive, attention, and mood disorders such as depression, in many cases suggesting 
hippocampal alterations. Most symptoms usually remit after TH replacement, but some may 
persist, especially after prolonged hypothyroidism (2). The mechanisms responsible for these 
alterations have not been clarified, although many studies point out to disturbances in 
neurotransmission mainly affecting noradrenergic, serotonergic and GABAergic systems (3). 
Mood disorders have a complex etiology, and the understanding of the biological processes 
affected is of clinical relevance. Recent evidence suggests that depressive disorders and their 
response to treatment are tightly related to the number of newly born neurons in the dentate 
gyrus (DG; 4, 5). 
 Adult neurogenesis takes place in two main neurogenic areas: the subventricular zone 
(SVZ) adjacent to the lateral ventricles which generates olfactory bulb interneurons, and the 
subgranular zone (SGZ) which gives rise to granular neurons in the hippocampal DG (6-9).  
 In the DG, granular neurons are generated throughout adulthood from progenitor cells 
within tight proliferative clusters located around small capillaries in the SGZ (10). The 
neuroblasts then migrate a short distance to the granular layer and differentiate to mature 
granular neurons. Newly generated neuroblasts and immature neurons in the adult DG 
specifically express doublecortin (DCX; 11), a microtubule-associated phosphoprotein also 
expressed in migrating neuroblasts and immature neurons during development. Most 
importantly, newly born granular neurons are incorporated into the neural circuitry and mature 
into functional neurons (12). The specific function of these neurons is not yet clear (13), but 
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some hippocampus-dependent learning and memory tasks have been related to an increased 
neurogenesis (14, 15), suggesting that they might contribute to cognitive processes.  
  Cell proliferation in the adult hippocampus is decreased in several animal models of stress 
and depression (5, 16, 17). The mechanisms controlling progenitor cell and neuroblast 
proliferation have not been clarified but circulating factors, including hormones, may play a 
role. As an example, IGF-I is needed to induce hippocampal proliferation by physical exercise 
(18), and stress-elevated circulating levels of adrenal steroids inhibit the production of new 
granular neurons (16).  
 Thyroid hormones [TH: thyroxine (T4) and 3,5,3’-triiodothyronine (T3)] are essential for 
brain development and function (19). In particular, in the hippocampus TH deficiency causes 
reduced growth, reduced number of cells in the DG, and abnormal neuronal migration and 
maturation (20-22). TH action is mediated through T3 nuclear receptors, and T3 receptor 
deficiency or mutations also alter adult hippocampal structure and hippocampus-dependent 
behavior (23, 24). Very recently, TH have been implicated in adult neurogenesis (25-28), but 
little is known on the functional consequences of TH actions on proliferation of neuronal 
progenitors.  
 In this paper, we show that short-term adult-onset hypothyroidism significantly reduces 
SGZ proliferative capacity and impairs dendritic arborization of immature neurons. In 
addition, hypothyroid animals display a depressive-like behavior. All these alterations are 
reversed by chronic TH treatment. Our findings suggest that in humans, the mood disorders 
due to adult hypothyroidism could be related, at least in part, to the impairment of 
hippocampal proliferation. These results are relevant for the handling of hypothyroid patients 
and, in particular, to the design of clinical protocols that include TH withdrawal. 
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Materials and Methods 
 
Animals and treatments 
 Adult male Wistar rats were housed in temperature controlled animal quarters with 
automatic light/dark cycles of 14/10 h, following European Community guidelines and 
approval by the ethics committee of our institution. Three experimental groups were analyzed: 
euthyroid (E), hypothyroid (H), and TH-treated, hypothyroid animals (Recovery group, or R). 
The studies were performed on postnatal day 95 (P95) both in hypothyroid rats (P95H) and 
sham-operated euthyroid controls (P95E). In addition, a group of hypothyroid rats was treated 
with TH from P95 to P120 (P120R) and compared with untreated hypothyroid (P120H) and 
euthyroid controls (P120E). Hypothyroidism was induced in all cases at P75 by surgical 
thyroidectomy. We followed a method used through the years in our laboratory (29, 30), based 
on the original procedure by Zarrow et al. (31) but leaving the parathyroids intact. 
Thyroidectomized rats, both untreated and treated, were fed a low iodine diet starting the day 
of surgery (21). At the moment of sacrifice, both P95 and P120 thyroidectomized rats had 
greatly decreased T4 and T3 in serum and liver (serum T4<1.1 ng/ml and T3<0.08 ng/ml; liver 
T4<2.1 ng/g and T3<0.70 ng/g), a significant reduction in body weight (BW; P<0.001) and a 
66% reduction of liver type 1 deiodinase (D1) mRNA expression (32) with respect to sham-
operated controls. TH treatment consisted in the administration of a physiological combination 
of T4 and T3 in the drinking water (0.18 µg T4/ml and 0.03 µg T3/ml). This procedure was 
based on previous data (33). The solution was prepared daily in sterile 0.01% bovine serum 
albumin and kept in the dark to avoid hormone degradation. The hormonal concentration in the 
drinking water was calculated, on the basis of fluid intake, to provide 2.4 µg T4 and 0.4 µg T3 
/100 g BW per day. TH treatment resulted in a significant increased in BW and in serum and 
liver T4 and T3 (P<0.001 versus P120H). D1 mRNA was 4-fold increased by TH treatment. 
 7
Thyroidal status affected neither brain size (not shown) nor DG volume (in mm3, P95E= 0.75; 
P95H= 0.69; P120E= 0.90; P120H= 0.76; P120R= 0.80; P>0.05 in all cases). 
 To evaluate the acute effects of TH on the reversal of depressive-like behavior, we 
analyzed two additional groups of hypothyroid treated animals with their corresponding E and 
H counterparts. One group (P120I) received one single i.p. injection of 24 µg T4 plus 4 µg T3 
/100 g BW, i.e., 10-fold the daily dose used for the recovery group under chronic treatment. 
The hormone combination was administered to each animal just after the training session of the 
Porsolt swimming test (see below) and, therefore, 24 hours before the test. The second group 
(P120W) received the hormone combination in the drinking water at the same dosage as the 
chronic-treated (P120R) animals starting 24h before the training, i.e. 48h before the behavioral 
test session. To compare the results of both conditions the animals of this group also received a 
single injection of vehicle just after the training. Similarly, the P120E and P120H counterparts 
for this experiment also received the vehicle injection.  
 Rats were housed in groups of 3 animals per cage and were habituated to experimental 
handling for several days before behavioral testing. The tests were conducted between 8 am 
and 1:30 pm. For cell proliferation analysis the animals received 4 i.p. spaced every 2 h 
injections of 40 mg/kg BW BrdU, an S-phase marker thymidine analogue, and they were 
sacrificed 24 h after the first injection (34-37). Rats subjected to behavioral testing received the 
BrdU injections 2 days after concluding the tests so as to avoid stress-induced influences on 
cell proliferation (38). For immunohistochemistry, the rats were transcardially perfused with 
4% paraformaldehyde in 0.1M PB and the brains were serially sectioned on a vibratome at 50 
µm in the coronal plane. 
 
Hormonal determinations 
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 The day of sacrifice blood and livers were obtained from every animal to measure T3 and 
T4 levels following previously established methods (39). Plasma corticosterone was also 
measured using a RIA kit (Coat-A-Count, Diagnostics Products Corp., CA, USA; sensitivity 
5.9 ng/ml). 
 
Immunohistochemistry  
 Specific markers were used to analyze cellular proliferation (mouse antibody anti-BrdU, 
1:100; Dako, Carpinteria, CA, USA; mouse anti-Ki67, 1:100; Novocastra Labs Ltd., 
Newcastle, UK). DCX expression (goat polyclonal antibody anti-DCX, 1:200; Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA) was used as a marker of newly generated neurons 
in the SGZ (40, 41). Apoptosis was evaluated using a rabbit polyclonal antibody anti-cleaved 
caspase-3 (1:500; Cell Signaling, Beverly, MA, USA), and with the TUNEL assay (Apoptag 
apoptosis detection kit, Chemicon, Temecula, CA, USA) following the manufacturer’s 
directions. Biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA, USA) 
were used at a 1:200 dilution. The immune signal was developed using the Vectastain Elite 
ABC Kit (Vector Laboratories) with 0.05% 3,3'-diaminobenzidine tetrahydrochloride (Sigma, 
St. Louis, MO) and H2O2 as peroxidase substrates. For fluorescent immunohistochemistry, the 
biotinylated secondary antibody was detected with streptavidin Alexa 488 (1:1000; Molecular 
Probes Inc., Eugene, OR, USA) and the sections were counterstained with DAPI (100ng/ml). 
 The immunohistochemical studies were performed in 3-5 animals of each experimental 
condition. It was previously estimated, in test experiments using 5 animals, that a minimum 
sample size of 3 animals would be required to have homogeneous variance and achieve 
statistical significance. All samples from the same experiment were processed simultaneously, 
thus minimizing staining variations within groups. The quantification was performed by an 
experimenter blind to the code. A modified version of the fractionator principle (42) was 
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followed. The immunopositive cells were counted on 6 sections per animal that were 
systematically sampled in the dorsal extent of the DG (at -2.5 to -4.5 from bregma). The whole 
cross-sectional area on each section was studied, as was the whole section depth. In order to 
avoid bias due to overcounting, the labeled cells in the uppermost focal plane (at 40x 
magnification) were excluded. Positive cells were considered to be in the SGZ when they were 
directly touching the SGZ or less than two cell bodies away. A proliferative cluster was 
defined as any two or more labeled nuclei within 25 µm of each other. The total number of 
immunopositive cells and clusters per SGZ was estimated by multiplying by 6 the number of 
positive cells or clusters in each section. Counts were performed directly from an optical 
microscope (Nikon Elite, Nikon Corp., Tokyo, Japan) and a confocal fluorescence microscope 
(Leica TCS SP2, Leica Microsystems, Wetzlar, Germany) for a better discrimination of cells 
within the clusters. The anatomy of the SGZ was analyzed by Nissl staining in parallel series. 
For the identification of brain structures, the atlas of Paxinos and Watson was followed (43). 
 
Dentate gyrus volumetric analysis 
 DG volumes were measured in the same sections used for BrdU quantifications 
(counterstained for DAPI). We used a fluorescent motorized Olympus microscope with a 
digital camera and specific software for the Cavalieri method (CAST, Olympus Corp., Tokyo, 
Japan). The final data were obtained by unbiased stereological methods (44). 
 
Electron microscopy analysis 
 Rats were perfused with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M PB pH 7.4, 
postfixed for 24 h, and washed several times in 0.1 M PB. The brains were sectioned on a 
vibratome. They were then postfixed in 2% osmium tetroxide in 0.1M PB for 90 min in 
darkness, dehydrated in ethanol, and embedded in araldite (Durcupan; Fluka). Semithin 
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sections (1.5 µm) were cut with a diamond knife and stained with 1% toluidine blue. Ultrathin 
(0.05 nm) sections were cut with a diamond knife, stained with lead citrate, and examined 
under a transmission electron microscope (JEOL-JEM1010 Peabody, MA, USA). 3 animals of 
each condition were analyzed. 
 
Porsolt swimming test or forced swimming test 
 We employed a previously described protocol (45) with slight modifications. In a first 
experiment we analyzed the behavior of P120E (n=8), P120H (n=9) and P120R (n=9) rats, and 
we performed a second study using P120E (n=11), P120H (n=6), P120I (n=8) and P120W 
(n=7) rats. Animals were individually trained for 10 min in a Plexiglas cylinder (60 cm height 
x 25 cm diameter) filled with tap water (23-25ºC) up to a depth of 45 cm, so that the rat's hind 
limbs could not reach the tank's floor. After training, animals were removed and dried before 
returning them to their home cages. This forced swim is a mild stress. Twenty-four hours later, 
rats were placed back in the cylinder for a 5-min swim test. Rat behavior was recorded with a 
video camera located 80 cm above the cylinder and swimming and floating times were scored 
by an observer blind to rat’s thyroidal status. Swimming was defined by escape behaviors, i.e. 
diving, rigorous paddling with all four legs, circling the tank and clambering at the walls. 
Immobility was scored as floating and treading water just enough to keep the nose above 
water. The immobility in this test is considered as a model of behavioral response to an 
inescapable stress. The tank was kept as clean as possible by changing the water following two 
10-min or four 5-min sessions and removing feces after each session.  
 
Object recognition task 
 This task, originally developed by Ennaceur and Delacour (46), is based on the tendency of 
rodents to explore a novel object more than a familiar one. P120E (n=8), P120H (n=9) and 
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P120R animals (n=9) were used. Rats were individually habituated to an open field box (in 
cm, 62 wide x 50 deep x 60 high) with sawdust covering the floor, for two consecutive days. 
The experimenter scoring rat behavior was blind to treatment. During training sessions, two 
objects were positioned in two adjacent corners, 10 cm from the walls, and each animal was 
allowed to explore for 5 min. The times spent exploring each object were hand scored using 
stopwatches. Twenty-four hours after the last training, one object was replaced by a novel one 
and again the exploratory behavior was analyzed during 5 min. After each session, the objects 
were cleaned thoroughly with 0.1% acetic acid to eliminate odor cues, the feces were removed 
and the sawdust on the floor was stirred after every phase to prevent specific odor from 
remaining in a specific location. Novel and familiar objects location was counterbalanced 
across animals during the training and test sessions to reduce potential biases due to preference 
for particular locations or objects. Exploration of an object was defined as rearing on the object 
as well as sniffing it at a distance of less than 2 cm and/or touching it with the nose. Successful 
recognition of the previously explored sample object is reflected by preferential exploration of 
the novel object (46). To analyze cognitive performance, a discrimination index was calculated 
as the ratio of the difference in time exploring the novel and familiar object and the total time 
spent exploring both objects, which made it possible to adjust for any differences in total 
exploration time. 
 
Statistical Analysis 
 All results were expressed as mean ± SEM. Significance of results was accepted at P≤ 
0.05. Statistical comparisons between groups and ages were performed using SPSS statistical 
software (SPSS Inc., Chicago, IL). The Student’s t-test was used for two-group comparisons. 
For three-group comparisons when one-way ANOVA indicated a significant effect for group, 
post hoc Tukey’s or DMS tests were used, when appropriate. To analyze the distribution of the 
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number of cells per proliferative cluster and the different categories of clusters (2 cell clusters, 
3 cell clusters and so on) contingency tables and non parametric chi-square asymptotic tests 
were used respectively. 
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Results 
 
Neurogenesis in the adult dentate gyrus is influenced by thyroid hormone status 
 The number of proliferating cells in the DG was assessed by BrdU and Ki67 
immunohistochemistry (34, 47).  
 
Figure 1 around here. 
 
As previously described (10), more than 90% of cells labeled with BrdU or Ki67 antibodies 
were found tightly associated in discrete clusters along the SGZ with a small proportion 
present as isolated cells. Few labeled cells were located in the granular and molecular layers 
(data not shown). TH deficiency for 20 days, i.e. the P95H group, induced a significant 
reduction of around 30% in the total number of cells labeled with either antibody (Figure 1a). 
The number of proliferative clusters was slightly lower in H rats, reaching statistical 
significance for the clusters identified by the Ki67 antibody (Figure 1b). A similar reduction in 
the number of proliferating cells was observed in the P120H group (Figure 1c) with a 
significant reduction in the number of clusters detected with either antibody (Figure 1d). The 
number of cells per cluster was independent of the thyroidal status. Of major importance is the 
fact that replacement treatment with TH, i.e. the P120R group, resulted in a statistically 
significant increase in both the total number of proliferating cells and proliferative clusters, in 
some cases even above the levels of euthyroid control animals (Figure 1 c and d). 
 To determine whether the generation and maturation of the newly born neuroblasts and 
immature neurons were also affected by adult hypothyroidism, we studied the number, 
distribution and morphology of cells expressing DCX. This cytoskeletal protein is present in 
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cytoplasm, neurites and growth cones of neuroblasts and young neurons in adult neurogenic 
regions (11, 48).  
 
Figure 2 around here. 
 
In P95E rats the DCX immunopositive (+) cells were aligned along the dorsal and ventral 
blades of the SGZ (Figure 2b). In general, DCX+ cells had well developed apical dendrites, in 
many cases running from the soma to the lateral ventricle. The majority of DCX+ cells had 
dendrites oriented vertically to the molecular layer and only some of them had dendrites 
running longitudinally (Figure 2c). Hypothyroidism greatly altered the population of DCX+ 
cells. Quantitative analysis of the total number of DCX+ cells showed a 35% reduction in 
P95H rats (Figure 2a) clearly visible in panoramic views of the DG (Figure 2d). In 
hypothyroid rats DCX+ cells were not well aligned in the SGZ. Moreover, the dendritic trees 
of DCX+ cells were highly altered in P95H rats (Figure 2e). The majority of the DCX+ cells in 
H rats had a hypoplastic dendritic shaft with thinner and shorter dendrites, many of them 
running with random trajectories that were not vertical to the molecular layer. 
 Adult-onset hypothyroidism for 45 days also induced a reduction in the number of newly 
generated cells (25% of DCX; Figure 2 f, g and i) in the SGZ of P120H rats as compared to 
euthyroid animals. The maturation of newly generated cells was also impaired in P120H rats. 
DCX+ cells showed a highly hypoplastic dendritic shaft (Figure 2 h and j), as described above 
for P95H rats. 
 The reduced number of DCX+ cells in hypothyroid rats was increased by TH replacement 
even above the level of euthyroid animals (Figure 2f). TH treatment also improved the 
dendritic tree morphology, as R rats showed a well developed dendritic tree with abundant 
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ramifications, which were almost comparable to those of euthyroid animals (Figure 2 h, j and 
l). 
 Since a decrease in DG neurogenesis with age has been previously described (34), we also 
analyzed the proliferating and newly generated cells at P120 compared to P95 in euthyroid and 
hypothyroid rats; we did not find a reduction with age in any of the quantified BrdU, Ki67 or 
DCX+ cells. Probably this is due to the short period of time between the two ages studied. 
 Despite the impairment of adult neurogenesis in the SGZ induced by TH deficiency, our 
analysis of Nissl stained and semithin sections did not show any gross abnormalities in the 
anatomy of the DG of H rats and, as stated above, there were no alterations in the volume of 
granular layer. Electron microscopy and semithin sections did not show increases in pyknotic 
cells in the TH deficient groups. TUNEL staining and cleaved caspase-3 
immunohistochemistry confirmed these results (P= 0.09 and P= 0.156, respectively). In 
addition, we did not find obvious ultrastructural alterations in hypothyroid animals’ granular 
neurons, except for the presence of nuclear invaginations of unclear significance. Having 
studied ca. 400 samples of nuclear profiles of P95 and P120 rats, we found an increase in the 
number of invaginated nuclei after 45 days of hypothyroidism (P120H rats). Nuclear 
invaginations were found in about 50% of cells of the granular layer of P120H rats, while the 
percentage in P120E and P95 rats was only 10%-15%. More extensive studies, out of the 
scope of the present work, would be required to elucidate the meaning of these structural 
alterations. 
 
Forced swimming test in animals with different thyroid hormone status 
 An association between changes in the SGZ proliferative capacity and a tendency towards 
depressive-like behavior has recently been suggested by several groups (4, 5, 49). Since 
depressive disorders are often manifestations of adult hypothyroidism, we carried out the 
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Porsolt or forced swimming test in P120 E, H and R rats. In this paradigm, rats forced to swim 
in a situation from which they cannot escape, rapidly become immobile, floating in an upright 
position and making only small movements to keep their heads above the water. Depression-
like behavior was inferred from increases in the time spent immobile during the test (45). 
 
Figure 3 around here. 
 
During the training session, all groups showed a similar flotation time (F2,21=2.061; P=0.153) 
discarding any possible starting reactivity differences between groups (Figure 3a). One-way 
ANOVA for floating behavior during the Porsolt test indicated a significant effect for group 
type (F2,21=25.881; P<0.001). Post hoc analyses indicated that hypothyroidism significantly 
increased the duration of immobility in rats (P120E=117.6s; P120H=188.7s; P<0.001; Figure 
3a), an effect that was reversed by the hormonal treatment (P120R=138.5s, P<0.001 versus H 
rats; P=0.112 versus E rats; Figure 3a). 
 Cell proliferation and behavior were studied in the same animals. Therefore, we could 
correlate both sets of data to evaluate a possible relationship between them. The comparison 
between flotation time during the test session and the number of BrdU+ cells in rats with 
different thyroidal statuses displayed an inverse relation between both phenomena (Figure 3b). 
 We also determined the levels of serum corticosterone in animals with different TH 
statuses at P120. Hypothyroidism significantly reduced and hormonal treatment increased 
serum corticosterone levels as compared with euthyroid levels (P120E=406±60; 
P120H=219±50, P<0.05 versus E rats; P120R= 606±27, P<0.01 versus H rats; P<0.05 versus 
E rats). 
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 To evaluate the possibility that TH may acutely affect the depressive-like behavior through 
direct pathways not related to neurogenesis, we studied the effects of acutely administered TH 
on behavior.  
 
Figure 4 around here. 
 
To this goal, additional forced swimming tests were performed using P120E, P120H and two 
groups of TH-treated animals receiving: i) a single injection of TH immediately after training 
and 24 hours before the test (P120I), or ii) TH replacement in the drinking water starting 48 
hours before the test session (P120W; see Materials and Methods for details). Again no 
differences were found between any of the experimental groups during the training session 
(F2,21=0.774, P=0.518; Figure 4). The results of this experiment showed that both P120I and 
P120W, short-term treated rats, behave similarly to P120H animals showing no differences in 
flotation time (P120E=123.0 ± 8.5; P120H=166.8 ± 10.8; P120I=172.5 ± 16.8; P120W=165.0 
± 6.8; in all groups, P< 0.05 versus E). These results further strengthen the relation between 
neurogenesis and behavior. 
 
Preserved memory in the novel object recognition task after short-term hypothyroidism 
 To evaluate whether the decrease in hippocampal neurogenesis may compromise 
hippocampus-dependent memory, we used the novel object recognition task (46), a test that 
measures visual recognition memory, a form of declarative memory (50). We used two 
different objects during the sample phase, and a long retention delay, a procedure that most 
probably would increase the demand of the hippocampus (51). 
 
Figure 5 around here. 
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During training, none of the groups showed preference for any of the initial objects, i.e. the 
three groups explored both initial objects during a similar period of time (F2,21=0.17; P=0.85; 
Figure 5), and there was no locomotive or exploratory impairment in hypothyroid rats (data not 
shown). At the retention test one day later, E, H and R rats exhibited a strong preference 
towards exploring the novel object, as indicated by a discrimination index significantly 
different from chance level (50%) (P120E=65.3%, t7=10.1, P<0.001; P120H=67.3%, t6=7.02, 
P<0.001; P120R=61.8%, t8= 2.2, P<0.05; Figure 5), but no inter-group differences were found 
(F2,21=0.52; P=0.60; Figure 5). These findings indicate that the three groups of rats did express 
retention of the familiar object. Thus, the impairment in hippocampal neurogenesis induced by 
adult-onset hypothyroidism of this short duration does not alter visual recognition memory on 
this task. 
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Discussion 
 
 The most relevant finding of this work is that TH are needed for the proper acquisition of 
new granular neurons at adult stages. Our in vivo studies clearly show that adult-onset 
hypothyroidism, even for a short period of time, impairs hippocampal proliferative capacity 
and suggest a relationship with a depressive-like behavior. The fact that TH replacement 
reverses the changes in cellular proliferation and maturation in the SGZ, and the abnormal 
behavior in the same animals and for the same period of time strongly supports this relation. 
 To measure cell proliferation in the SGZ we used two markers, with good agreement 
between them. BrdU is incorporated during the S-phase of the cell cycle which, in proliferating 
cells of the SGZ lasts around 8 h, and the entire cell cycle 25 h (52). Using this protocol BrdU+ 
cells would therefore represent cells that had entered S-phase and will still be cycling within 
the 24-h period between the first BrdU injection and the sacrifice of the animals. Only a small 
proportion of postmitotic cells would also be labeled. This agrees with the finding of more than 
90% of the labeled cells in proliferative clusters, and the similarity in the distribution of cells 
expressing Ki67, which labels proliferating cells in any phase of the cell cycle (47). Adult-
onset hypothyroidism induced a reduction in the number of proliferating cells and proliferative 
clusters in the SGZ as soon as 20 days after thyroidectomy, the first period studied, and also 1 
month later. We observed the same reduction in newborn neuroblasts. The results indicate that 
proliferation in the SGZ is very sensitive to TH. The agreement between the BrdU and Ki67 
data indicates that the reduction in BrdU+ cells in H rats was not due to restriction of BrdU 
transfer across the blood-brain barrier. Other in vivo studies show that TH could reverse 
impaired hippocampal neurogenesis during development (53) and in the adult SVZ (26). 
Lemkine et al. (26) found that TH influence precursor cell proliferation in the SVZ, using Ki67 
and phosphorylated histone H3 as proliferation markers. The effect was not observed when 
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BrdU incorporation was used, which led the authors to propose that hypothyroidism increased 
the number of progenitors in the resting state in the SVZ. Uchida et al. (53) also found that TH 
increased cell proliferation in the hippocampus of hypothyroid mice. In contrast, Desouza et al. 
(27) and Ambrogini et al. (28) found no effect of TH on cell proliferation as measured by BrdU 
incorporation. The reasons for these discrepancies are not apparent to us, but may reside in 
different BrdU uptake protocols or to the use of goitrogens to induce hypothyroidism. 
 TH treatment of hypothyroid rats increased the number of proliferating cells and 
proliferative clusters, even above euthyroid values. This suggests a compensatory mechanism 
of prompt recovery of normal neurogenesis after damage. To our knowledge this is the first 
description of variations in the number of proliferative clusters in the SGZ due to a modulatory 
neurogenesis mechanism. A compensatory burst in cell proliferation also occurs after alcohol 
abstinence (54). In addition, the damaged SVZ subsequent to antimitotic exposure is capable of 
completely regenerating itself from stem cells after 10 days of antimitotic withdrawal (55). It is 
possible that cell proliferation in the SGZ of hypothyroid animals becomes more sensitive to 
TH treatment, so that even slightly increased TH levels in the treated animals could result in a 
significant upregulation of proliferation.  
 In the SGZ the majority of the proliferating cells will differentiate into neurons (56). 
Therefore, the observed reduction in proliferating cells after TH withdrawal would be expected 
to result in a lower number of committed newborn neuroblasts. This was confirmed with the 
analysis of DCX+ cells, which showed that the population of early generated neuroblasts and 
immature neurons was reduced in hypothyroid animals and these cells were, in addition, 
severely damaged. The effect of TH deficiency on the DCX population most probably reflects 
an impaired generation of neuronal progenitors since it was similar to that on proliferation, 
whether hormone insufficiency was maintained for 20 or 45 days. In contrast to other studies 
(27, 28) we did not observe changes in cell survival in the different experimental situations, as 
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assessed by three different methods: number of pyknotic nuclei, TUNEL staining, and cleaved 
caspase-3 immunopositive cells. Therefore, selective apoptosis can be discarded in our studies. 
In addition to increasing precursor cell proliferation, TH replacement also induced an increase 
in the number of DCX+ cells above euthyroid levels. 
 TH treatment also influenced the maturation of newly generated cells altering their neurite 
outgrowth. In euthyroid animals, the dendrites of DCX+ cells reached the molecular layer, and 
even crossed this layer into the ventricular zone. The functional significance of these long 
dendrites is unknown but could be relevant for terminal differentiation and functional 
integration, similarly to the requirement of new neurons to extend dendrites and axons to form 
synapses during development (48). DCX expression could be related to microtubule 
reorganization and cellular processes outgrowth. The effect of TH on neurite extension in the 
SGZ agrees with previous findings on the role of TH on cytoskeletal assembly and stability 
(57). Other studies indicate that adult-onset hypothyroidism decreases neurite extension and 
spines of neocortical neurons which is partially reverted after 25 days of T4 treatment (58). 
The recovery in the number and neurite outgrowth of DCX+ cells could be due to the addition 
of newly generated cells or to an improvement of the dendritic shaft of damaged cells. We 
think that probably both processes could be implicated, based in the increase in cellular 
proliferation shown here and in classical studies on the effects of TH on dendritic development 
in the adult (58). The fact that TH replacement is not only capable of promoting cellular 
proliferation, but also differentiation of newborn neuroblasts, indicates that TH may well be 
important factors for the induction of neuronal turnover. 
 We examined the possibility that short-term hypothyroidism could influence neurogenesis 
by affecting circulating levels of glucocorticoids, stress-related hormones that have been 
consistently found to affect the number of newborn cells in the DG (59, 60). Plasma 
corticosterone was lower in hypothyroid rats than in euthyroid and TH-treated rats, in 
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agreement with previous studies (61). Since high levels of glucocorticoids inhibit neurogenesis, 
it is unlikely that the effects of TH are exerted by changes in corticosterone levels. Moreover, 
this relationship between thyroidal status and corticosterone levels also discards the possibility 
that the increased floating behavior observed in hypothyroid rats could have been induced by 
differences in adrenal function, since low levels of glucocorticoids are associated with reduced 
immobility in the forced swimming test and vice versa (62). 
 In parallel to recovering the impaired progenitor cells’ proliferation, TH replacement also 
induced a behavioral response as in other situations of adult hippocampal proliferation 
activation (4, 5, 49). The results indicate that adult-onset hypothyroidism induces a selective, 
reversible behavioral alteration characterized as a depressive-like state. Although depression 
should be considered within the general context of structural plasticity, accumulating 
experimental evidence indicates that psychiatric disturbances, including dementias and major 
depression, are closely related to neurogenesis in the adult DG. Thus, chronic antidepressant 
treatment increases proliferation in the DG (35) and the efficacy of antidepressant treatment 
depends on stimulation of precursor proliferation in the hippocampus (4). Therefore, we study 
the relation between the effects of TH on proliferation with behavior. Using the forced 
swimming test, which is the best characterized and most widely used test for assessing 
alterations in depressive-like behavior in rodents (63, 64), we found that hypothyroid rats 
displayed a depressive-like behavior as compared to euthyroid animals. In a previous study 
(65), severe hypothyroidism was also found to increase immobility in the forced swimming 
paradigm compared to euthyroid rats, an effect that was prevented by high doses of T4. In 
other studies, rat strain differences in thyroidal status seem to explain different behavior in the 
forced swimming test (66), and TH treatment ameliorates the cognitive and mood 
impairments caused by alcohol exposure (67). In our present study, chronic TH treatment 
restored the depressive-like behavior in parallel with normalization of proliferation in the 
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hippocampus. The fact that acute TH administration, during a time likely not to have an effect 
on neurogenesis, failed to normalize behavior, further strengthen the relation between 
neurogenesis and behavior after chronic TH treatment. In humans, alterations of thyroid 
function are associated with psychiatric disturbances, especially depressed mood, reversible 
with substitution therapy (2, 68). TH treatment is also beneficial in bipolar disorders resistant 
to other forms of treatment (69, 70).  
 Concerning cognitive functioning, there was no difference among the experimental groups 
in the long-term object recognition memory. A recent study (71), found that treatment with 
the antimitotic agent methylazoxymethanol acetate reduces neurogenesis in the hippocampus 
up to 65% and prevents the long-term memory improvement induced by enviromental 
enrichment, as measured in this object recognition task. Therefore, it seems reasonable to 
speculate that new granule neurons do participate in this type of memory. In our study, 
however, adult-onset hypothyroidism reduced neurogenesis around 30% in the DG, an effect 
that may not be enough to significantly affect long-term recognition memory. Future 
experiments will be performed in order to address this issue. 
 In conclusion, our results indicate that TH markedly influence adult hippocampal 
neurogenesis, underlying the role of a proper TH status in hippocampal function. In humans, 
mood disorders due to adult hypothyroidism could be related, at least in part, to the impairment 
of neurogenesis. We do not know whether this could lead to permanent damage but, among its 
possible clinical implications, our observations should be taken into account in the evaluation 
of clinical protocols that include TH withdrawal, periodically for several weeks, in patient 
preparation for 131I-scanning after thyroidectomy. 
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Titles and Legends to Figures 
 
Figure 1  
 Proliferation analysis of the SGZ at P95 (a-b) and P120 (c-d). Histograms show the total 
number of proliferating cells (a and c) and proliferative clusters (b and d) measured as BrdU 
and Ki67 labeled cells in the SGZ of the DG in Euthyroid, Hypothyroid and Recovery groups. 
Hypothyroidism induced a reduction in the number of proliferating cells and clusters, which 
can be reverted by TH replacement. Plot bars show means ± SEM. Significant differences as 
compared to the E group are shown as * P<0.05 and as compared to the H group are shown as 
## P<0.01, ### P<0.001.  
 
Figure 2  
 Analysis of the generation and maturation of neuroblasts in the SGZ of P95 (a-e) and P120 
(f-l) animals. a and f show histograms with the total number of DCX+ cells of P95 and P120 
rats, respectively, in Euthyroid, Hypothyroid and Recovery groups. b-e and g-l, show 
panoramic views and insets of DCX immunohistochemistry in P95E (b-c), P95H (d-e), P120E 
(g-h), P120H (i-j) and P120R (k-l) animals. Remarkable lower number of labeled cells with a 
poorly developed dendritic shaft with fewer, shorter and less ramifications was found in 
hypothyroid groups (arrows) as compared with the dendritic shafts in euthyroid and recovery 
groups (arrowheads). Plot bars show means ± SEM. Significant differences as compared with 
the E group are shown as * P<0.05, ** P<0.01 and as compared with H group is shown as ### 
P<0.001. Scale bars, 250 µm in panoramic views and 50 µm in insets. SGZ, subgranular zone. 
GL, granular layer. Mol, molecular layer. 
 
Figure 3  
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Behavior of Euthyroid, Hypothyroid and Recovery groups in the forced swimming test. 
(a) All the experimental groups presented similar flotation time in the training session. 
However, in the forced swimming test performed 24 h after training, there was an increase in 
the flotation time in H animals which was recovered after chronic TH replacement. (b) 
Comparison between the flotation time during the test session and the number of proliferating 
cells (BrdU+) analyzed in the same animals. There is an inverse relationship between both 
sets of data. Plot bars show means ± SEM. Significant differences as compared with the E 
group are shown as *** P<0.001 and as compared with the H group are shown as ### 
P<0.001. 
 
Figure 4  
Behavior of Euthyroid (E), Hypothyroid (H) and acuted TH-treated animals (I and W) in 
the forced swimming test. The increase in the flotation time in H animals was not recovered 
after two different acute TH administration protocols. Plot bars show means ± SEM. 
Significant differences as compared with the E group are shown as * P<0.05 and ** P<0.01.  
 
Figure 5  
Behavior of Euthyroid, Hypothyroid and Recovery groups in the object recognition task. 
No differences in exploratory preference were found between groups neither in the training 
nor in the test session. Plot bars show means ± SEM. The dashed line represents equal 
exploration of the novel and familiar objects (50%).  





